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Pan-neuronalDifferent optical imaging techniques have been developed to study neuronal activity with the goal of
deciphering the neural code underlying neurophysiological functions. Because of several constraints inherent
in these techniques as well as difﬁculties interpreting the results, the majority of these studies have been
dedicated more to sensory modalities than to the spontaneous activity of the central brain. Recently, a
novel bioluminescence approach based onGFP–aequorin (GA) (GFP: Green ﬂuorescent Protein), has been devel-
oped, allowing us to functionally record in-vivo neuronal activity. Taking advantage of the particular character-
istics of GA, which does not require light excitation, we report that we can record induced and/or the
spontaneous Ca2+-activity continuously over long periods. Targeting GA to the mushrooms-bodies (MBs), a
structure implicated in learning/memory and sleep, we have shown that GA is sensitive enough to detect
odor-induced Ca2+-activity in Kenyon cells (KCs). It has been possible to reveal two particular peaks of sponta-
neous activity during overnight recording in theMBs. Other peaks of spontaneous activity have been recorded in
ﬂies expressing GA pan-neurally. Similarly, expression in the glial cells has revealed that these cells exhibit a
cell-autonomous Ca2+-activity. These results demonstrate that bioluminescence imaging is a useful tool for
studying Ca2+-activity in neuronal and/or glial cells and for functional mapping of the neurophysiological pro-
cesses in the ﬂy brain. These ﬁndings provide a framework for investigating the biological meaning of spontane-
ous neuronal activity. This article is part of a Special Issue entitled: 12th European Symposium on Calcium.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
In experimentally amenable organism models, several different
physiological techniques have been developed to functionally record
the neuronal activity with the aim of mapping the neuronal circuitry
underlying different neurophysiological functions, such as olfaction, vi-
sion, learning and memory, sleep, and locomotor activity [1–5]. Apart
from electrophysiological approaches, the most popular technique to
record neuronal activity relies on optical imaging, principally based on
the detection of changes in intracellular calcium concentration. Indeed,
Ca2+-signals have been involved inmany different cell functions and/or
signaling pathways [6]. Historically, the ﬁrst generation of sensors was
based on detecting calcium activity using ﬂuorescent dye markers,
such as calcium green-1, and fura-2 [1,7]. However, this approach
does not allow precise targeting of a speciﬁc group of cells or neurons.
The second generation, based on the development of genetically
encoded ﬂuorescent probes has allowed precise targeting of the neu-
rons of interest. Among them, camgaroo [8], cameleon [9], and different
successive versions of G-CaMP [10–14] provided researchers with sev-
eral information about neuronal mechanisms. However, even if theseopean Symposium on Calcium.
: +33 01 69 82 34 47.
R. Martin).
l rights reserved.approaches provide good spatio-temporal resolution of Ca2+-signals,
the excitation light required in these techniques produces autoﬂuores-
cence, photobleaching and phototoxicity. These factors generally limit
the depth of imaging of selected structures and also constrain the dura-
tion of continuous recording to short term periods on the order of
seconds to minutes. Consequently the development of alternative and
complementary techniques is worthwhile, particularly for deep struc-
tures and/or long term recording.
In the last few years, a novel bioluminescence approach has been
developed that allows functional mapping of in-vivo neuronal
Ca2+-activity and circuitry. This new method is based on the use of
a chimeric gene [15] made by the fusion of the two genes isolated
from the jellyﬁsh Aequorea victoria, GFP and aequorin [16,17]. The
principle of this method is based on the Bioluminescence Resonance
Energy Transfer reaction (BRET) that occurs between aequorin and
GFP. When aequorin, a protein that contains EF-hand motifs, binds
Ca2+, it causes an intramolecular oxidation of its bounded chromo-
phore substrate, coelenterazine, resulting in the emission of blue
light (λ 470 nm) [18]. In the presence of GFP, however, as in native
jellyﬁsh, energy from oxidation of the coelenterazine is transferred
nonradiatively to GFP, resulting in the emission of green light
(λ 509 nm). Importantly, there is also an increase in total light emis-
sion [15]. A variety of transgenic organisms including mice [19] and
Drosophila [20] have been generated using this new chimeric gene.
1633D. Minocci et al. / Biochimica et Biophysica Acta 1833 (2013) 1632–1640As a ﬁrst step in the ﬂy, the binary P[GAL4] expression system
[21,22] was used to target expression of GA (p[UAS-GFP-aequorin])
to different regions of the ﬂy's brain. This enabled recording of
pharmacologically-induced neuronal Ca2+-activity in the MBs, a
main structure implicated in olfactory learning and memory [23,24]
and sleep [25,26], and in the ellipsoid-body, a substructure of the
Central Complex, involved in the control of locomotor activity
[27–30]. In a second step, the bioluminescent GA was used to study
stimulus induced Ca2+-activity of a sensory modality, the olfactory
system. Indeed, using the OR83b-Gal4 driver [10] to target GA specif-
ically in the olfactory receptor neurons (ORNs), Murmu et al. [31]
have successfully shown that GA is able to detect the odor-induced
Ca2+-activity in the axon terminal of the ORNs, at the level of the an-
tennal lobes. In addition, the features of GA made it possible for them
to describe a new long-lasting form of odor-adaptation that occurs in
the axon terminals of the ORNs when intracellular Ca2+-stores are re-
leased via the inositol 1,4,5-trisphosphate receptor (InsP3R) and the
ryanodine receptor (RyR) [32]. More recently the projection neurons
(PNs), which correspond to the second order neurons in olfactory cir-
cuitry, have been recorded, both post-synaptically and in their axon
terminals at the level of the calyx of the MBs (article in preparation).
Until now, however, GA has not been used to demonstrate odor in-
duced Ca2+-activity in the MBs, though some studies have reported
it using G-CaMP [11,33].Citronella
A)
50 m
C) D)
application: 5s, 5X, 5 min-interval
Citronella
B)
Fig. 1. Citronella-induced Ca2+-responses in the mushroom-bodies. (A) Fluorescence imag
OK107/CS) taken at the beginning of the experiment and used as a reference image. The
was quantiﬁed (Scale bar=50 μm). The mauve and red circles are the right and left calyx
lobes, respectively. (B) A bioluminescence image (accumulation time: 60 s) of the ﬁrst a
and the lobes) are activated. (C) A representative bioluminescent Ca2+-activity proﬁle evo
followed ~15 min later, by a second schedule of odor-application; 5 s odor duration, 10 ti
odor stimulation (see also the Movie S1). (D) Magniﬁcation of the ﬁrst odor applicat
odor-application, the response stands for 7 s. [Notice that since it is a frontal view of the
axis displayed] (similar for other ﬁgures).In this study, using different P[GAL4] drivers to target GA to differ-
ent brain structures, ﬁrst we show that we could record odor-induced
Ca2+-activity in the third order neurons, the MBs. More precisely, we
show that the activity can be detected both in the calyx (dendrites/
cell-bodies) and in the axon projections (MB-lobes). Second, taking
advantage of the properties of GA, we have recorded spontaneous
activity in different parts of the brain i.e., in the MBs, in the whole
brain following pan-neuronal expression, or in glial cells. During over-
night recording,we detected a speciﬁc and particular spontaneous activ-
ity pattern in the MBs. This activity was characterized by two types of
peaks: a “short peak” that had high amplitude and a duration of about
3 min, and a “long peak” that had low amplitude and a duration of 3
to 4 h. Though we have characterized the main parameters of these
peaks as well as their particular propagation in the MB-lobes, their
biological signiﬁcance still remains unknown and is under investigation.
Overnight long-term recording has also allowed us to reveal sponta-
neous activity in different parts of the brain following pan-neuronal
expression. Indeed, we can detect Ca2+-activity in a region near the
“antennal mechanosensory and motor centre” (AMMC), and have
seen it propagates in the antennal lobes and further into theMBs. Final-
ly, by targeting GA expression exclusively in glial cells, we have shown
ﬁrst that the glial cells are very active through the entire night, and sec-
ond that this activity is cell autonomous since it relies on intracellular
Ca2+-stores. These recordings of Ca2+-activity in the whole brain,5s, 10X, 1 min-interval
Dorsal
Anterior
RightLeft
e (frontal view) of the MBs (GFP-aequorin driven by the P[GAL4]OK107 line) (GA/CS;
colored-circles represent the ROIs (regions of interest) from which the light emission
/cell-bodies, respectively, and the green and blue circles are the right and left medial
pplication (5 s) of citronella odor. All parts of the MBs (calyx/cell-bodies, peduncles,
ked by 5 applications of 5 s odor duration (red arrows) at 5 min-interval of citronella,
mes at 1 min-interval. In both schedules, the response of the MBs adapts to repeated
ion (from C) showing the responses of the four ROIs. We observe that for a 5 s
ﬂy, the real left and right sides of the ﬂy are inverted according to the schema of the
1634 D. Minocci et al. / Biochimica et Biophysica Acta 1833 (2013) 1632–1640considered here as an ensemble, represent a ﬁrst step toward
establishing anatomo-functional maps of the brain, or in other words,
a functional Atlas of the brain.
2. Material and methods
2.1. Flies
All Drosophila melanogaster ﬂy lines were maintained at 24 °C on
standard food medium. P[UAS-GFP-aequorin] (GA) transgenic ﬂies
developed by Martin et al. [20] were used in conjunction with the P
[GAL4] OK107 line to target GA to the MBs and the PI. For data collection
we used females obtained by Cantonization of ﬂies containing both the P
[GAL4] OK107 driver and the P[UAS-GFP-aequorin] transgene in hetero-
zygotes. For the pan-neuronal expression, we used the P[n-syb-GAL4]
line kindly provided by B. Peiffer and G. Rubin, H.H.M.I., Janelia Farm,
Ashburn, USA. For the glial cells expression, we used the P[repo-GAL4]
line, kindly provided by A. Giangrande, Strasbourg, France.
2.2. Brain preparation
Female ﬂies at 4 days old were used for in vivo brain imaging. For
the spontaneous activity recording, either in MBs, pan-neurally, or in
glial cells, the ﬂies were brieﬂy cold (ice) anesthetized and glued to a
needle just under the neck, on the dorsal part, using dental glueIso-Amyl-Acetate
5 s application, 5X, at 
B)
C) 
A) 
50 µm 
D) 
Fig. 2. Iso-amyl-acetate-induced Ca2+-responses in the mushroom-bodies. (A) Fluorescen
experiment and used as a reference image. The colored-circles represent the ROIs from which
and left calyx/cell-bodies, respectively, and green and blue circles are right and left medial lob
application (5 s) (iso-amyl-acetate). The odor-induced activity pattern looks different from th
sentative bioluminescent Ca2+-activity proﬁle evoked by 5 applications of 5 s odor duration (re
to repeated odor stimulation. (D)Magniﬁcation of the ﬁrst odor application (from C) showing th
for 4 s (on the left MB of the ﬂy).(Protemp III, ESPE, Seefeld, Germany). The needle was then put in
the middle of a hole previously made in a plastic coverslip, and two
other coverslips were placed as a collar in front and behind the
head of ﬂy. We used special bio-compatible silicon (Kwik-Sil, WPI,
USA) to seal all the spaces around the ﬂy's head. The entire system
was maintained on an acrylic block. A drop of Ringer's solution
containing 130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2,
36 mM sucrose, 5 mM Hepes-NaOH, and pH=7.3 [20], was deposit-
ed on the head and a tiny window was cut in the head capsule to ex-
pose the brain structures. The exposed ﬂy brains were ﬁrst incubated
for 2 h in Ringer's solution containing 5 μM native coelenterazine
(Prolume, USA). Following incubation, a glass coverslip was put over
the ﬂy and sealedwith dental silicon, leaving the ﬂy ready to be imaged.
In this condition, the ﬂy is able to breathe via the tracheal system and
can be maintained for more than 24 h. For the odor-induced response
in the MBs, ﬂies were anesthetized, inserted in a truncated 1 ml com-
mercial pipette tip until the head protruded, and then ﬁxed in place
with dental glue. The assembly was then placed in an acrylic block
and secured with Paraﬁlm™. Care was taken to avoid damage to the
antennae during exposition of the brain.
2.3. In vivo brain imaging
Odor-evoked bioluminescence signals in theMBs ofDrosophilawere
monitored with an electron multiplier CCD camera (EM-CCD, Andor,5 min-interval
Dorsal
Anterior
RightLeft
ce image (frontal view) of the MBs (GA/CS; OK107/CS) taken at the beginning of the
light emission was quantiﬁed (Scale bar=50 μm). The mauve and red circles are right
es, respectively. (B) A bioluminescence image (accumulation time: 60 s) of the ﬁrst odor
at generated with citronella, for example, the lobes are only faintly activated. (C) A repre-
d arrows) at 5 min-interval. As for citronella,we can remark that theMBs' response adapts
e responses of the four ROIs.We notice that for a 5 s odor-application, the response stands
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(Nikon, Eclipse-E800). The setup was housed inside a light-tight dark
box (ScienceWares, Inc., Falmouth,MA, USA). Using a 20× air objective
lens (N.A. 0.75; Plan Apochromat, Nikon France S.A., Champigny-sur-
Marne, France) the ﬁeld of view was 400×400 μm (512×512 pixels).
To improve the signal-to-noise ratio, data were acquired with a 2 s
integration time, and 2×2 binning was used (1 pixel=1.56 μm×
1.56 μm). To acquire and store data, each detected photonwas assigned
an x and y-coordinate and a time point (i.e. x, y, t). The response of in-
dividual ﬂies to two different odors, citronella and iso-amyl-acetate,
were recorded. We made a custom odor-delivery apparatus consisting
of ﬁve identical channels, one of which was devoted to control air
(without odor). From the air pump and a moistening bottle, each chan-
nel included a 50 ml ﬂask with a solenoid activated pinch valve (Sirai
S-104) on either side to isolate those not in use. All connecting tubes
were made of silicone. Air was ﬂowed continuously (500 ml/ min)
through the control channel except when a logic command issued by
the imaging software switched the ﬂow for the pre-determined odor
test time (5 s) to one of the test (odor) channels. Test ﬂasks contained
50 μl of undiluted pure odor (all from Sigma-Aldrich, Saint-Quentin
Fallavier, France), deposited on a piece of ﬁlter paper. Finally the air
stream was delivered to the ﬂy through a small glass tube placed
5 mm away from the antennae.
To test spontaneous activity inMBs, pan-neurally, or in glial cells, bio-
luminescence signals were monitored using a new setup employing an
intensiﬁed CCD camera with a cooled GaAsP photocathode (Stanford
Photonics, TurboZ) ﬁtted onto a microscope (Zeiss, Axioplan). As with
the other setup, the entire system was housed inside a light-tight dark
box. Using a 20× air objective lens, the spatial resolution was 480×
360 μm (640×480 pixels). To acquire and store data, each detected
photon was assigned an x and y-coordinate and a time point (i.e. x, y, t).B)
E) F
A)
03:04:47
Fig. 3. Short duration peak of spontaneous activity in the MBs. (A) Fluorescence picture (fro
OK107 line) (GA/CS; OK107/CS). The regions of interest (ROIs) are designated by the ellipse
Ca2+-signal from the right side of the MBs (B) to the left side (D). Each picture represent
(E) Graph of the entire overnight recording showing the photons/s emitted in the right an
during the night, which in a few ﬂies, was followed by a second smaller peak. (F) Magniﬁc
the medial lobes and shows the propagation of the signal from the right side to the left sidWith this new ICCD camera, photon acquisition was carried out at
120 frames/s, providing 8.333 ms time resolution with extremely low
background signal.
2.4. Quantitative and statistical analysis
Imaging data were analyzed using the Photon Viewer (2.1) software
(ScienceWares) written in LabView 2010 (National Instruments, Austin,
Texas). Bioluminescence signals are presented as the total amount of
emitted photons within a drawn ROI. All statistics were done using the
Statistica (7.1) software (StatSoft, Inc., Maison-Alfort, France).
3. Results
3.1. Odor-induced Ca2+-activity in the MBs
As we have already reported, GA is sensitive enough to follow
odor-induced Ca2+-activity in ORNs, at the level of the antennal
lobes [31,32]. Indeed, at the axon terminals of the ORNs, GA is able
to detect both the entry of the Ca2+ triggered by the arrival of the
spike, as well as an adaptation process relying on intracellular
Ca2+-stores. Here, we have investigated whether the odor-induced
Ca2+-activity observed in the ORNs can also be detected in the next
(second order) synapses, at the level of the KCs of the MBs. Fig. 1
shows that the presentation of 5 s of citronella generates a strong sig-
nal in the KCs. Moreover, this Ca2+-signal decreases after successive
repetitions of odor, suggesting an adaptation process (see Movie
S1). Interestingly, the accumulated luminescence image (Fig. 1) indi-
cates that odor induces an activity detectable in all regions of the KCs:
in the calyx/cell-bodies complex as well as in the axonal projections
(MB-lobes) (Fig. 1B). Moreover, the signal seems to be stronger atC) D)
)
03:05:32 03:06:17
ntal view) of MBs obtained with the ICCD camera (GFP-aequorin driven by the P[GAL4]
s in the medial and vertical lobes and by circles in the calyx. (B, C, D) Propagation of the
s an accumulation time of 60 s. The interval between two successive pictures is 45 s.
d left medial lobe (green and red ROIs). One huge peak of spontaneous activity occurs
ation on the ﬁrst short-duration peak of activity. The graph indicates the photons/s in
e (ﬁrst occurring in the green ROI followed by the red ROI).
Fig. 5. Features of the short- and long-duration peaks. (A) Elapsed time (delay), in minutes,
from the beginning of the recording to the short peak (left) and to the long peak (right).
(B) Duration in seconds of the short (left) and of the long peak (right). The short peak stands
for about 3 min, while the long peak duration is about 13,000 s (~3.5 h). (C) Total photons
emitted in the whole MBs during the short (left) and the long peak (right). Interestingly,
although the duration of the two peaks is signiﬁcantly different, the total number of emitted
photons is quite similar (~200,000 photons). Histograms represent the mean +/−SEM
(Standard Error of the Mean) (n=9 for the short peak, and 10 for the long peak).
1636 D. Minocci et al. / Biochimica et Biophysica Acta 1833 (2013) 1632–1640the tip of the vertical lobes than in the calyx (dendritic tree) itself. In
addition, the repetition of the same odor, 20 min later, with a sched-
ule of 10 repetitions at only 1 min-intervals, also reveals a strong
adaptation process. Whether this adaptation occurs directly in the
KCs of the MBs, or rather is due to the adaptation occurring in the
axon terminals of the ORNs (as previously described) [31,32], still
remains to be determined.
Similarly, the presentation of another odor, iso-amyl-acetate (IAA)
also generates a strong Ca2+-signal in the KCs, but with a slightly dif-
ferent intensity, which presents an adaptation too (Fig. 2). However,
the accumulated bioluminescence image suggests that the response
(the activity pattern) is different than the citronella (compare Fig. 2
with Fig. 1). With IAA, the response in the calyx seems to be more dis-
persed, suggesting a lower response in the KCs, while the response in
the axon projections at the level of the lobes is weaker compared to
the citronella.
3.2. Mushroom-bodies present two particular peaks of spontaneous
activity
To investigate spontaneous activity (i.e. activity not induced by
the experimenters) in the MBs, we used the line OK107 to target GA
in the majority of the KCs [34] (Figs. 3–5). While punctate activity
can be recorded in different parts of the MBs, more interestingly but
unexpectedly, two particular peaks of Ca2+-activity occur mainly
during the night. More precisely, spontaneous activity in this struc-
ture of the brain is characterized by two different and distinct peaks
of activity. The ﬁrst is a peak of high amplitude (~13,000 photons/s)
that lasts for about 3 min, the so called “short peak” (Fig. 3). The
second is a peak of low amplitude (~20 photons/s), which could last
for ~3 to 4 h, and which we named “long peak” (Fig. 4). In young
(i.e., 4-day old) ﬂies these two peaks never occurred together, while
in 7-day old ﬂies, when both were present, the long peak always
occurred 2 to 4 h after the short peak. Although the amplitude (number
of photons emitted per second) of each peak was very different, since
these twopeaks display a very different time duration, the total number
of emitted photons was quite similar (i.e., both peaks involve ~200,000C) D)B)A)
E)
Fig. 4. Long duration peak of spontaneous activity in MBs. (A) Fluorescence picture of MBs obtained with the ICCD camera (GA/CS; OK107/CS). The regions of interest (ROIs) are
designated by the ellipses in the medial and vertical lobes. (B, C, D) Accumulated images of the emitted photons in each ROI after 60 min from the beginning of recording (B), 2.5 h
(C) and 4 h (D). (E) Graph showing the entire overnight recording of the photons/s emitted in the medial lobes (mauve and blue ROIs).
A) GFP B) + 0 min C) + 60 min
D) + 70 min E) + 75 min F) + 90 min
G)
MBs
AL
50 µm 
Fig. 6. Long-term recording of the spontaneous activity of the overall brain (pan-neuronal). Ca2+-induced bioluminescent signals were recorded over more than 4 h in a Drosophila
brain expressing GA exclusively in all the neurons (P[n-syn-GAL4]). (A) First frame showing a GFP ﬂuorescence image of the brain after removal of the head capsule. We can easily
recognize the antennal lobes (AL) and the MBs. (B–F) Subsequent frames show pseudocolor coded bioluminescent images in which the total light was integrated over 60 s, showing
the Ca2+-activity in the antennal lobes and the propagation of a Ca2+-wave through the brain. Indicated times on each frame are relative to the ﬁrst frame that is designated
0 min (B). (G) Graph of the entire 4 h-recording showing the photons/s emitted in the two antennal lobes (green and red ROIs). A 20× dry objective lens (0.6 NA) was used.
(Scale bar=50 μm). Green and red lines correspond to the two ROIs drawn in A (same color-code) (see also the Movie S3).
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particularly for the short peak, was the dynamic propagation of
Ca2+-activity within the MBs. Indeed, by looking more precisely at
different successive time windows (Fig. 3) (see also Fig. 4 in [35]), we
observed that the Ca2+-activity started principally at the tip of the
vertical lobes, and then progressed retro-gradually to terminate in
the cell-bodies. While en route, it crossed contra-laterally to invade
the contra-lateral MBs, thus presenting an asymmetric propagation
(see Movie S2).
3.3. Recording the overall spontaneous activity of the brain (pan-neuronal
expression)
Using the pan-neuronal driver n-synaptobrevin-Gal4 (P[n-syb-
GAL4]/UAS-GA) to target GA to all neurons of the brain, we have been
able to visualize how the Ca2+-signals propagate in the brain (Fig. 6).
More particularly, in this representative ﬂy we can observe continuous
Ca2+-activity in the antennal lobes that last for a few hours. This activity
is followed by a Ca2+ wave, which crosses the brain diagonally from the
right-upper region to the medial lobes of the MBs (Fig. 6B–F) (see Movie
S3). Moreover, in another ﬂy, during long-term recording we observed
strong activity in a region near the antennal lobes that could correspond
to the “antennal mechanosensory and motor centre” (AMMC) [36].
This Ca2+-activity was possibly induced by the locomotor activity of
the ﬂy, since for this experiment, the ﬂy was simultaneously allowed
to walk on a tiny ball sustained by a light air-stream (unfortunately
the rotation of the ball was not reliably recorded). Further experimentsand particularly tight recording of the rotation of the ball will be required
to further characterize this observation. Nevertheless, for the ﬁrst time,
we have been able to study in detail how Ca2+-activity propagates inside
the whole brain, and also to further investigate functional relations
between the antennal lobes and the MBs, with particular attention to
the role of the locomotor activity of the ﬂy, which putatively induces
Ca2+-activity in or near the AMCC, and then propagates in other parts
of the brain.
3.4. Overnight recording of spontaneous activity in glial cells
Since we were able to detect spontaneous activity in different parts
and structures of the brain [19,37] we wondered whether Ca2+-activity
could also be detected in the glial cells. In Drosophila, we used the
repo-GAL4 driver, which allowed us to target all the glial cells. We
recorded the Ca2+-activity over a long time period (i.e., overnight) and
observed that several glial cells were active at different times (Fig. 7)
(see Movie S4). Interestingly, like the neurons, glial cells presented a
strong and frequent activity. To further characterize the origin of this
Ca2+-activity, we used thapsigargin, a drug known to block the SERCA
pump, and thus prevented the reﬁlling of the ER. Consequently (but indi-
rectly), it blocked the intracellular Ca2+-store release [31,38]. The appli-
cation of thapsigargin for 15 min completely blocked glial cell activity
(Fig. 8), suggesting that this activity is cell autonomous. Glial cell activity
has already been reported inmammals [39–41], but themechanisms that
produce such Ca2+-oscillations, as well as the function of these oscilla-
tions, remain unknown.
19h24 20h35 07h20
C) D)B)A)
E)
Fig. 7. Overnight recording of spontaneous Ca2+-activity in glial cells. (A) Fluorescence image of the whole brain of the repo-GAL4 ﬂy (repo-GAL4/GA2) taken at the beginning of
the experiment and used as a reference image. The red rectangle represents a control ROI (white noise background of the camera), while the white rectangle represents the ROI of
interest (covering the entire brain). We observe a strong ﬂuorescence signal in the middle of the brain, corresponding to the midline. (B–D) Three bioluminescence images (accu-
mulation time: 60 s) of the Ca2+-activity of a ﬂy at different times of the night (as indicated in each panel). (E) The bioluminescent Ca2+-activity proﬁle of the ﬂy showing the entire
overnight recording. We observe a continuous and permanent Ca2+-activity in the glial cells all over the night. The red line in E corresponds to the red (background) ROI in A, while
the blue line in E corresponds to the white ROI in A (see also the Movie S4 for a representative repo-GAL4 ﬂy).
1638 D. Minocci et al. / Biochimica et Biophysica Acta 1833 (2013) 1632–16404. Discussion
4.1. Odors induce Ca2+-activity in the MBs
To date, using different optical imaging techniques [1,7,10,42–45],
odor-induced Ca2+-activity has been well studied and reported in
the ORNs, the ﬁrst neurons of the olfactory circuitry. Odor-induced
responses have also been recorded in the second order neurons,
the projections neurons (PNs), using different reporters, such as
cameleon [9], G-CaMP [44], and most recently with GA (E. Real and
J. R. Martin, in preparation). However, detection of the odor-induced
response in the MBs, i.e., the third order neurons of the olfactory
circuitry, seems to be more problematic and therefore the number
of studies is more limited. Indeed, although some reports have al-
ready described odor-induced Ca2+-activity in the calyx/cell-bodies
of the MBs based on the uses of different Ca2+-reporters, the general
outcome is not yet consensual. Firstly, based on Ca2+-dyes, such as
calcium green-1 [46], and thereafter on genetically encoded re-
porters, such as G-CaMP, the odor-evoked activity has been reported
to have a spatial speciﬁcity in the MBs [11], in accordance to the spec-
iﬁcity of the connections of the circuitry [47,48]. However, based on
an electrophysiological approach such as whole-cell patch-clamp
recording, and more recently on G-CaMP3, reports of odor-evoked
activity in the MBs are rather sparse [33,49,50], and seem to partly
contradict the former study [11]. Up to now, although we have stud-
ied only two odors (citronella and iso-amyl-acetate), they seem to
generate a different activity pattern and different response intensity.
Moreover, for both odors we also observed a strong adaptation to
the odor, which is similar to what has been previously demonstrated,and therefore, cannot be attributed to exhaustion of the GA probe
[32]. Thus, additional experiments based on the use of this biolumi-
nescent approach should permit us to determine whether the KCs of
the MBs present a sparser response to different odors, or rather a spa-
tial speciﬁcity.
4.2. Recording spontaneous activity within the brain using GA
Taking advantage of the speciﬁc properties offered by bioluminescent
GA, for example, itswide range of sensitivity to the change of intracellular
calcium concentration (i.e., from 0.1 μM to 1 mM) [51,52], we have con-
tinuously recorded, with high temporal resolution (better than 10 ms),
over long periods of time, the spontaneous activity of different structures,
cells, or groups of neurons.
Firstly, looking speciﬁcally at the MBs we described the parameters
(duration, amplitude, and total number of emitted photons) of an unex-
pected short-duration, high amplitude peak of spontaneous Ca2+-activity
that occurs during the night, aswell as its dynamic of propagation (Movie
S2). This activity seems to be initiated in a group of neurons localized out-
side the MBs, roughly on the border of the central brain near the optic
lobes. Moreover, this activity clearly follows an asymmetrical pattern of
propagation. Interestingly, up until now, very few anatomical level
asymmetries in theDrosophila'sbrain have been reported. Themost strik-
ing one is the “asymmetrical body” (AB) located near the fan-shaped
body [53]. Obviously, due to its localization, the focus of initiation of activ-
ity that we have identiﬁed here does not correspond to the AB described
by Pascual et al. [53], and therefore remains to be thoroughly and precise-
ly characterized. Moreover, this focus of initiating activity represents a
good candidate for a central pattern generator (CPG) in the brain.
after before 
A) 
Thapsigargin (5µM) (15 min) 
B) 
D)  E)  C)  
Fig. 8. Spontaneous Ca2+-activity in glial cells is cell autonomous. (A) Fluorescence image of the whole brain of the repo-GAL4 ﬂies (repo-GAL4/GA2) taken at the beginning of the
experiment and used as a reference image. The red rectangle represents the control (white noise background of the camera), while the white rectangle represents the ROI of interest
(covering the entire brain). (B) The bioluminescent Ca2+-activity proﬁle of the ﬂy showing the entire overnight recording. (C) Magniﬁcation of the ﬁrst 2 h of recording showing an
intense Ca2+-activity in the glial cells before thapsigargin application (indicated by the red arrow), which is completely abolished after the drug application. (D, E) A biolumines-
cence image (accumulation time: 60 s) before and after the drug application. As for Fig. 7, the red line in B and C corresponds to the red (background) ROI in A, while the blue line in
B and C corresponds to the white ROI in A.
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spontaneous activity within the MBs remains unknown. Since the MBs
are well known to be crucial for learning and memory [23,24], control
of locomotor activity [54], spatial orientation [55,56], and more recently
sleep [25,26], one might hypothesize that this activity is involved in
memory consolidation and/or in sleep. Further studies are currently
under way to explore such exciting and crucial questions.
Brain activity can be considered the result of not only the integra-
tion of multiple sensory modalities that gather information from the
external world, but also activities from the internal body (somatosen-
sory systems and homeostasis). Moreover, brain activity integrates
these multiple packets of information, and generates “novel” or
“intrinsic” activity to interact with and even modify the external
world. This “intrinsic” activity could be considered the “emergent
function” of the brain. Thus, to study and understand such a complex
system, it is necessary to record not only the resulting neuronal activ-
ity of the multiple sensory modalities following the application of a
stimulus, but also the intrinsic or what we call “spontaneous” activity.
Interestingly, in humans, functional magnetic resonance imaging
(fMRI) studies have identiﬁed numerous networks that are driven
by spontaneous activity known as “resting-state networks”. These
periods of spontaneous activity present spontaneous ﬂuctuations
with low-frequency (0.1 Hz) [57], while certain of these studies
have reported that this spontaneous activity is relevant for human
behavior [58–61].
Secondly, in this study, since we can visualize the entire Drosophila's
brain with this bioluminescent technique, we have also initiated
the investigation of how neurons and/or neural circuits operate,as an ensemble in the nervous system, leading to coherent brain ac-
tivity. In such a way, we expressed GA in all the neurons of the brain
(P[n-syb-GAL4]) and observed spontaneous activity in different
areas of the brain. Among these multiple “spots” of activity, more
particularly, we were able to observe a propagation of activity in
the vicinity of the antennal lobes that could correspond to the “an-
tennal mechanosensory and motor centre” (AMMC) [36,62]. Obvi-
ously, these observations will allow us to further investigate the
neuronal circuitry implicated in mechanosensation, and from a larg-
er perspective, general locomotion. As aforementioned, we have also
observed multiple “spots” of activity in the brain, and even in few
cases, we have been able to observe the propagation of Ca2+-activity
in different bundles. These observations enable us to study and record
neuronal activity and circuitry of the entire brain, and thus, trace
anatomo-functional maps, or in other words, build a functional Atlas
of the brain. Currently, no dynamic anatomo-functional map exists for
the overall brain activity, either for invertebrates or for vertebrates, in-
cluding humans. In humans, “partial” functional maps undertaken by
fMRI have been drawn, but these maps rely only on a spatio-temporal
segmentation and remain, for the moment, dedicated to relatively
short time periods of recording, in the range of second to minutes
[63]. Finally, another exciting perspective will be to check whether in
Drosophila, as in humans, the spontaneous activity that we have
recorded under our experimental conditions is related to the “resting-
state networks” observed in humans by fMRI, and to investigate how
it is linked and/or correlated to speciﬁc behaviors.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2012.12.017.
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